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Due to their homophilic and heterophilic binding properties, cell adhesion molecules (CAMs) such as 
integrin, cadherin and the immunoglobulin superfamily CAMs are of primary importance in cell-cell and 
cell-substrate interactions, signalling pathways and other crucial biological processes. We study the 
molecular structures and conformational dynamics of the two fibronectin type III (Fn-III) extracellular 
domains of the Aplysia californica CAM (apCAM) protein, by constructing and probing an atomically-
detailed structural model based on apCAM's homology with other CAMs. The stability and dynamic 
properties of the Fn-III domains, individually and in tandem, are probed and analysed using all-atom 
explicit-solvent molecular dynamics (MD) simulations and normal mode analysis of their corresponding 
elastic network models. The refined structural model of the Fn-III tandem of apCAM reveals a specific 
pattern of amino acid interactions that controls the stability of the β-sheet rich structure and could affect 
the apCAM response to physical or chemical changes of its environment. It also exposes the important 
role of several specific charged residues in modulating the structural properties of the linker segment 
connecting the two Fn-III domains, as well as of the inter-domain interface. 

Introduction 
Cell adhesion molecules (CAMs) are glycoproteins located on 
cell surfaces, and are involved in cell-cell signalling and cell-
substrate recognition. They are divided into four main families: 
integrins, selectins, cadherins and the immunoglobulin 
superfamily CAMs (IgCAMs). CAMs can be essential 
therapeutic targets for the treatment of cancer and 
neurodegenerative diseases.1-5 

 The subject of our study is apCAM (Aplysia californica cell 
adhesion molecule), an IgCAM found on the neuronal growth 
cones (see Fig. 1A) of Aplysia californica, a species of sea slug 
also known as the California sea hare6, 7. apCAM is involved in 
neurite outgrowth and fasciculation, the mediation of growth 
cone steering and synaptic plasticity6, 8-11. Due to the large size of 
its neurons and its simple nervous system architecture, Aplysia 
californica is an important model organism for studying certain 
molecular and cellular mechanisms underlying learning and 
memory, which would be much more challenging to investigate 
in the more complex mammalian system. A number of key 
molecules and important molecular pathways have been 
discovered first in Aplysia californica12. For example, a main 
signalling pathway initiated by apCAM is the activation of the 
mitogen-activated protein kinase (MAPK) cascade13. 
 Like many IgCAMs, apCAM is composed of three parts: 
cytoplasmic, transmembrane and extracellular. When apCAM’s 
extracellular region (see Fig. 1B) takes part in adhesion, it leads 
directly to signal transduction. The signal is transmitted through 
the membrane to the cytoplasmic section, which interacts with the 

cytoskeleton, triggering a cellular response (e.g. neurite 
outgrowth)14. As illustrated in Fig. 1B, the extracellular part of 
apCAM consists of five immunoglobulin-like (Ig) domains (Ig1-
5) followed by two fibronectin type III (Fn-III) domains (Fn1 and 
Fn2) – the focus of this paper – located near the cell membrane. 
 Mayford et al.15 used three independent cDNA clones 
encoding three related apCAM isoforms of varying sequence 
lengths - 765 residues (UniProt Q9BKQ1), 812 residues (UniProt 
Q9BKQ0), and 932 residues (UniProt Q9BKP9). All three 
isoforms share an identical 734-residue sequence at the amino 
terminus, beginning with a typical 27-residue hydrophobic signal 
peptide sequence16, 17. In the 812-residue and 932-residue 
isoforms, but not in the 765-residue isoform, this 734-residue 
sequence is followed by a glutamate-rich acidic region. The two 
shortest isoforms do not include transmembrane or cytoplasmic 
regions. They each terminate in a hydrophobic residue sequence 
common to proteins which are anchored to the membrane by a 
glycosylphosphoinositol (GPI) linkage. In the longest 932-residue 
isoform (studied here), a 30-residue highly hydrophobic 
transmembrane region and a 117-residue cytoplasmic region are 
present at the C-terminus. BLAST searches for these 
transmembrane and cytoplasmic sequences identify several high-
scoring alignments with other cell adhesion molecules, 
particularly for NCAM (over a wide range of species, including 
human NCAM).  
 A primary role of apCAM is to mediate specific homophilic 
adhesion processes by interacting with other apCAMs located on 
adjacent neurons (as illustrated schematically in Fig. 1A)18. 
Mathematical models describing the corresponding association 
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Table 1 MD simulation parameters of the three atomistic systems of apCAM fibronectin type III domains (Fn1, Fn2 and the entire, connected Fn1-Fn2 
tandem), solvated with explicit TIP3P water molecules. 

System Simulation time (ns) No. of residues Water molecules Total no. of atoms Initial dimensions (Å) 

Fn1 monomer 50 94 4,875 16,008 60×47×61 
Fn2 monomer 50 114 (w. linker) 6,029 19,884 56×59×65 

Fn1-Fn2 tandem 250 208 15,931 50,970 72×74×102 
and dissociation kinetics for apCAM-apCAM contacts have 
indicated that these homo-interactions involve two binding modes 
– one involving all five immunoglobulin domains, and another 
involving only Ig1 and Ig2 (distal from the cell membrane)18, 19.  
 To date, no high-resolution experimental structural data has 
been made available for apCAM. In order to understand the 
structural context for apCAM-apCAM interactions, we model its 
structure using its mammalian homologue, neural CAM 
(NCAM), as a template.20-26 X-ray crystal structures are available 
for individual domains and two-domain complexes of human 
NCAM (e.g. Fn1-Fn2 (PDB ID 2VKW), Ig5-Fn1 (PDB ID 
3MTR), Fn1 (PDB ID 2HAZ))27, 28. NCAM and apCAM are 
known to have functional and structural similarity29-31 and a 
relatively low but significant sequence identity32. 
 Due to the large size of the apCAM protein, it is not practical 
to run long, all-atom MD simulations on the entire molecule. We 
focus initially on the fibronectin type III tandem (Fn1-Fn2) 
located near the C-terminus, which is distinct from the remaining 
Ig-like domains near the N-terminus.  
 Fibronectin is a large extracellular matrix protein involved in 
cell adhesion. It is composed of repeats of three modules; types I, 
II and III. Each module has a β-sandwich structure formed by two 
anti-parallel β-sheets surrounding a hydrophobic core. The Fn-III 
domain is one of the most common structural motifs found in 
extracellular proteins, often acting as a structural spacer33, 34. 
Notably, Fn-III modules with low sequence identities (i.e. smaller 
than 20%) can show very high structural similarity35.  
 Fn-III domains may partially unfold when force is applied, due 
to the absence of the disulphide bonds which stabilise Fn-I and 
Fn-II domains36. This may explain the elastic properties exhibited 
by fibronectin fibrils. The elasticity inherent in Fn-III modules 
may play a vital role in apCAM-apCAM adhesion, allowing 
apCAM to stretch reversibly without detaching from the cell 
surface. This extensibility is not present in the Ig domains, which 
in CAMs almost universally possess a disulphide bond between 
the pair of cysteines in each Ig fold, limiting the degree of 
extension.37-39  

 Non-equilibrium states for Fn-III domains appear to play an 
important part in the function of fibronectin. Stretching of Fn-III 
modules allows the exposure of cryptic binding sites40-42. The 
mechanical unfolding pathways of Fn-III domains have been 
investigated in a number of previous studies using a variety of 
molecular dynamics techniques, including steered molecular 
dynamics (SMD) simulations, to explore the structure and 
mechanical stability crucial to key functions of the protein. 

Several different X-ray and NMR-derived Fn-III structures were 
used, including those found in human NCAM and in titin.43 The 
results are in good agreement with experimental studies carried 
out using single-molecule force spectroscopy techniques44, 45. 
  In apCAM, the Fn-III tandem is located near the membrane 
surface (Fig. 1). It may function as a spacer, allowing the more 
adhesive Ig domains to extend further and explore a larger area in 
the search for a binding partner. This, combined with the 
extensibility of Fn-III discussed above, points toward the Fn-III 
tandem playing a crucial role in the apCAM-apCAM adhesion 
mechanism. 

Methods 
In this work, we use a combination of homology modelling, 
large-scale all-atom molecular dynamics (MD) simulations and 
coarse-grained normal mode analysis (NMA) methods20-23 to 
generate and test a structural model of the two fibronectin type III 
domains of the apCAM ectodomain: Fn1 and Fn2 respectively. 
Based on the sequence identity of these domains to the 
corresponding NCAM domains, we build, validate, refine and 
analyse atomic-resolution models for Fn1 and Fn2 using a variety 
of molecular modelling approaches, from simplified models of 
elastic networks to all-atom MD simulations with explicit water 
molecules32, 46-52. Our resulting all-atom structural models for Fn1 
and Fn2 offer unique insights into the structure of the 
extracellular apCAM domains and represent a first step towards 
the modelling of the full ectodomain and ultimately of the entire 
apCAM structure. 

Homology modelling 

We used the 932 amino acid apCAM sequence available from 
NCBI (GenBank M89648 to M89650) and from SwissProt53 
(Uniprot Q9BKP9). Subdomains were first identified following 
the study of Mayford et al.15, and confirmed using the NCBI–
Genbank web tools54. Searches for homologous proteins were 
carried out using the FASTA3 program55 of the European 
Bioinformatics Institute web server, and also the UniProt56 and 
RCSB PDB57 databanks. Conserved domains were identified 
using the NCBI conserved motif tool58 and verified individually. 
The ClustalW2 program at EBI59 was used for sequence 
alignment. A homology model of the entire apCAM ectodomain 
was built using the comparative protein modelling environment, 
SWISS-MODEL60-63. The PDB structure 2VKW for the 
fibronectin type III tandem of human NCAM was used as a  
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Fig. 1 Schematic illustrations of apCAM domains. (A) Schematic 

representation of Aplysia californica neuronal growth cones, illustrating 
the location of apCAM-apCAM molecular interactions in the synaptic 

region. (B) The extracellular apCAM region consists of two fibronectin 
type III domains (Fn1 and Fn2) proximal to the cellular membrane, and of 

five immunoglobulin-like domains (Ig1-Ig5).  (C) Initial molecular 
models of the Fn1 and Fn2 domains constructed by homology modelling. 

The linker region is shown in yellow and magenta. In our HM model, 
magenta residues are considered to be structurally a part of Fn2. 

template,27 with PDB 2V5Y (receptor protein tyrosine 
phosphatase mu, RPTPµ, another IgCAM) also used as a 
template for sections of the molecule not covered by existing 
NCAM structures.64 

All-atom validation and refinement using MD methods 

Three systems were prepared for atomistic MD simulation using 
the homology model structures for Fn1 and Fn2: the individual 
Fn1 and Fn2 domains, and a connected Fn1-Fn2 tandem (see 
Table 1 for simulation parameters). In the models used for the 
separated monomer simulations, the linker region between the 
domains was connected to Fn2. When preparing the system for 
simulation, normal protonation states at physiological pH were 
assumed. The single histidine residue was protonated at the 
epsilon position. Each system was solvated with explicit TIP3P 
water molecules65 prior to minimisation, heating and 
equilibration. Total atom numbers for each system, including 
water molecules, are reported in Table 1. 
 MD simulations were performed with the NAMD2 software66 
using the CHARMM22 force field with the CMAP correction.67, 

68 All simulations were performed in the NPT ensemble (i.e. 
constant number of atoms, pressure and temperature), using 

periodic boundary conditions. We used the modified Nosé-
Hoover Langevin piston method implemented in NAMD69, 70 
with a damping time of 0.1 ps, while maintaining a pressure of 
1.01325 bar. The temperature was set to 310 K and controlled 
using a Langevin thermostat with a damping coefficient of 10ps-1. 
The Particle Mesh Ewald method was used to include 
electrostatic effects71. The switching distance for non-bonded 
electrostatics and van der Waals interactions was 9.5 Å with a 
cutoff distance of 12 Å. The integration time step was 1 fs. 
 VMD72 and PyMOL73 were used for analysis and visualisation. 
Protein secondary structure was calculated using STRIDE.74 

Normal mode analysis using ENM 

The AD-ENM (Analysis of Dynamics of Elastic Network Model) 
server47 was used to perform analysis of our refined structure. An 
elastic network model was built by connecting nearby α-carbon 
atoms with elastic springs of uniform spring constant. A distance 
cutoff of 10 Å was chosen. Normal mode analysis was performed 
to yield a spectrum of normal modes for the elastic network 
model, and the zero modes corresponding to translations and 
rotations (modes 0 to 5) were excluded. A range of frequencies 
was obtained for the normal modes, and the ability of the model 
to deform elastically was calculated. The low-frequency end of 
the spectrum is of particular interest because the lowest modes 
are able to capture collective conformational changes that are 
difficult to access through all-atom molecular dynamics 
simulations. 
 Normalised squared mode fluctuations were calculated using 
the WEBnm@ server.75 

Results and discussion 
Structural model for fibronectin type III domains 

apCAM molecules are located on the surface of neuronal growth 
cones in Aplysia californica. Fig. 1A schematically illustrates the 
interaction site of two apCAMs on adjacent growth cones. The 
molecular details behind this complex adhesion mechanism are as 
yet not fully understood.9, 15, 18, 19, 32 
 As illustrated in Fig. 1B, apCAM’s ectodomain consists of five 
immunoglobulin-like domains (labelled Ig1 to Ig5), and two 
fibronectin type III domains (labelled Fn1 and Fn2). The 
ectodomain is part of an apCAM-mediated cell-cell adhesion 
molecular system corresponding to an intercellular distance of 
~30-40 nm, similar to NCAM-NCAM intercellular distances76. 
The arrangement of the five Ig and two Fn domains in apCAM is 
similar to that observed for other glycoproteins expressed on the 
surface of developing axons, such as NCAM in vertebrates, and 
fasciclin II in invertebrates. These molecules mediate cell-cell 
adhesion as well as axon growth and guidance.9, 15, 18, 28  

 In this paper, we focus only on the fibronectin type III tandem 
of apCAM adjacent to the cell membrane. Due to its sheer size, it 
is not currently feasible to simulate the entire 7-domain 
extracellular apCAM with atomistic resolution. The Fn1-Fn2 
domains are structurally (and possibly functionally) distinct from 
the five neighbouring Ig-like domains which are distal from the 
membrane.  
 The conformation of the linker amino acids between the two 
Fn domains (Fig. 1C) could greatly affect the position of the Ig 
domains involved in adhesion. The behaviour of the domains  
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Fig. 2 Sequence comparison between Fn1 and Fn2 domains of apCAM and human NCAM. Sequence alignments of apCAM and human NCAM Fn1 

and Fn2 domains and their corresponding percent identity and percent similarity values. Here, Fn1 and Fn2 are illustrated as assigned in Mayford et 
al.[15]. Three binding motifs, involved in FGFR1 (FRM and FGL) and ATP binding, are labelled in the black boxes (see Fig. 9). The yellow linker region 

shown in Fig. 1C is also highlighted in yellow. The apCAM residue numbers are indicated above the alignment (grey), and the secondary structure of 
human NCAM is shown below. The colours along the sequence correspond to high consensus (red), low consensus (blue), and neutral (black). 

close to the membrane can also have a significant effect on the 
rest of the molecule. 
 Mayford et al. first published the sequence of apCAM in 
199215, with their model assigning residues GLY526-SER631 to 
Fn1 and residues PRO632-ALA736 to Fn2. However, our initial, 
homology-based model indicates that Fn1 covers the range 
GLY526-THR618, and that Fn2 covers the range ARG626-
SER733. Based on their structural flexibility, confirmed by 
subsequent MD modelling (see below) we assign the seven 
residues LEU619-PHE625 to a distinct linker segment between 
the Fn-III domains. In our model, residues ARG626-SER631 are 
in contact with the Fn2 domain (see Fig. 1C). These residues are 
solvent-exposed, which may have led to some ambiguity in the 
original domain assignment by Mayford et al.15, which placed a 
domain boundary between residues SER631 and PRO632.  
 The sequence alignments presented in Fig. 2 do not include the 
transmembrane and cytoplasmic regions of apCAM and NCAM. 
Although the amino acid sequences of the transmembrane and 
cytoplasmic regions are available from Mayford et al.15, there 
was no suitable template upon which to model an initial structure. 
The amino acid sequence of the extracellular portion of the 
molecule (Ig1, Ig2, Ig3, Ig4, Ig5, Fn1, Fn2) was used for our 
subsequent modelling.  
 In our models, both Fn1 and Fn2 domains adopt the β-
sandwich-type fold typical of all Fn-III domains, consisting of 
seven strands arranged in two anti-parallel sheets (see Fig. 1C). 
Based on our sequence alignment (see Fig. 2) and homology 
modelling, the Fn1 and Fn2 domains of our apCAM structural 
model exhibit a spatial arrangement similar to the corresponding 
Fn domains of human NCAM, though these domains have 
relatively low sequence identities of 23.6% and 29.4%, 
respectively. Although Fn-III modules may have high structural 
similarity despite relatively low sequence identities, we perform 
additional tests to ensure that the refined structure is 
conformationally stable. We subject the homology-based model 
to extensive atomistic molecular dynamics simulations using  

 
Fig. 3 MD-based structural refinement of homology models for Fn1 
and Fn2 domains. RMSD values during individual simulations of the 
separated monomers Fn1 and Fn2 were calculated with respect to the 

initial (blue) and average (green) domain structures. The corresponding 
RMSD values for the same domains when part of a connected tandem are 
also shown. Representative structures for the Fn1 (46.17 ns) and the Fn2 

(7.29 ns) monomers are indicated. A representative structure for the 
tandem (180.00 ns) is chosen based on the RMSD fluctuations of the 

linker region (residues 619-625). 

explicit water solvation, both as monomers and as a connected 
tandem, as described below. A visual comparison of the NCAM 
template and our initial homology-based apCAM model is 
provided in the supplementary information (Fig. S1). 
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All-atom MD results 

We use trajectories from atomistic MD simulations for both the 
individual Fn1 and Fn2 domains, and for the entire connected 
Fn1-Fn2 tandem, to extract representative structures for our 
model (see Fig. 3). The MD simulation parameters used for these 
three systems are summarised in Table 1.  
 As in our previous work77 we select representative structures 
from a trajectory by calculating the RMSD with respect to the 
average structure along the converged portion of the trajectory, 
RMSDavg (see green line in Fig. 3), and then choosing the frame 
with the lowest RMSDavg value.72, 77 We calculate RMSDs for a 
core subset of residues incorporating the majority of the system, 
particularly the stable β-sheet regions, while excluding a small 
number of residues showing higher flexibility. Using this method, 
we are able to demonstrate the convergence of our structures, 
which would otherwise be hidden in standard RMSD analysis due 
to the constant movement of certain flexible loops in the 
protein.77  
 We consider a system to have achieved convergence once the 
RMSD with respect to the initial structure (see blue line in Fig. 3)  
plateaus. The individually, fully solvated Fn1 and Fn2 monomer 
systems (see Table 1) achieve convergence in our MD 
simulations after approximately 15 ns and 6 ns, respectively (see 
Fig. 3). While Fn2 fluctuates more than Fn1 due to its disordered 
coil content near the untethered ends, they both maintain 
relatively stable structures thereafter. 
 In the Fn1-Fn2 tandem trajectory, Fn1 reaches a clear 
convergence after about 10 ns and maintains an RMSD of 
approximately 1 Å from the initial homology model structure 
with no significant fluctuation. Fn2 also reaches convergence but 
again, shows a wider fluctuation around the average RMSD of 
approximately 2 Å (see Fig. 3). SI Movies S1 and S2 illustrate 
clearly the equilibrium structural fluctuations of Fn1 and Fn2, 
respectively. 
 Based on our RMSD analysis, as explained above, we choose a 
representative structure for the Fn1 domain corresponding to a 
simulation time of 46.17 ns, and a representative structure for the 
Fn2 domain corresponding to simulation time of 7.29 ns  
(indicated in Fig. 3). Since the conformation of the linker is an 
important factor in determining the overall structure of the 
tandem, we choose the representative structure for the tandem 
based on the RMSD values calculated for the linker. This method  
gives us a representative structure corresponding to a simulation 
time of 180 ns. 
 The secondary structure predicted by the homology model is 
reasonably well-conserved (see Figs. 4 and 5), although there is a 
loss of β-content for each domain. Note the relatively small 
decrease in β-content for Fn1, contrasting with the relatively large 
decrease in β-content for Fn2 due to disorder in the loops at the 
C-terminal. This is due to the lack of restraint placed upon the 
ends of the Fn1-Fn2 tandem in our simulations, allowing freedom 
of movement which would not occur when the tandem is situated 
within the entire apCAM protein. We therefore restrict our 
structural analysis primarily to the linker and interface regions of 
the tandem.  
 The initial homology models and the corresponding 
representative structures for each monomer and for the tandem 
are compared in Fig. 5. For the short monomer simulations, the  

 
Fig. 4 Secondary structure of the Fn1-Fn2 tandem. Secondary 

structure types (i.e. β-strand, coil and helical) shown as percentage of 
overall structure for (A) Fn1 and (B) Fn2 domains during the Fn1-Fn2 

tandem simulation. 

 
Fig. 5 Comparison of homology-based structures and MD-refined 
representative structures for Fn1, Fn2 and the Fn1-Fn2 tandem. 

Homology-based structures (blue) and MD-refined representative 
structures (red) are shown for (A) the Fn1 monomer, (B) the Fn2 

monomer, and (C) the Fn1-Fn2 tandem. For clarity, the tandem structures 
are shown next to each other rather than being overlaid. 

representative structures align very closely with the homology 
models, although there is some minor rearrangement of loops and 
coil content. The representative tandem structure has a more 
marked contrast, particularly in Fn2 where significant β-content 
has been lost. This can be at explained by the fact that the C-
terminal of Fn2 is not anchored, allowing for more mobility at 
this end. This is also true of the N-terminal of Fn1, but the β-
strand located here is more stable and resistant to unravelling. 
There is also a slight change in the angle between the two 
domains. However, on the whole, the representative structure for 
the tandem is remarkably similar to the homology model.  
 The essentially electrostatic-controlled interactions at the Fn1-
Fn2 interface are illustrated in Fig. 6. These play a vital role in 
stabilising the structure of each domain and also of the entire  
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Fig. 6 Electrostatic interactions at the Fn1-Fn2 interface. (A) Charged 

residues in the Fn1-Fn2 tandem. Negatively-charged amino acids are 
shown as red, the positive ones as blue, and neutral as white. Charged 

residues are labelled with their residue ID. (B) Distances between the Cα 
atoms of LYS620, LYS623 and ARG626, illustrating the constant 
extension of the backbone along the linker between the two Fn-III 

domains. (C, D, and E) Distances between the terminal heavy atoms of 
charged linker residues - LYS620 (C), LYS623 (D), ARG626 (E) - and 

their nearby salt bridge interaction partners. 

tandem. Charged residues are highlighted in Fig. 6A. 
 Three positively-charged residues are situated along the linker  
(LYS620, LYS623, ARG626), as shown in Fig. 6A. Mutual 
repulsion maintains a steady distance between each of these 
positive charges, keeping the linker extended throughout the 
entire trajectory (see Fig. 6B).  
 The presence of the corresponding negatively-charged residues 
in an adjacent area of Fn2 (GLU719, GLU720, ASP722, 
GLU724) allows salt bridges to form and to maintain the 
orientation of Fn2 with respect to the linker (see Figs. 6C-6E). 
 For the first ~50 ns of the Fn1-Fn2 tandem trajectory, LYS620 
forms a stable salt bridge with GLU719, occasionally switching 
to the adjacent GLU720 (see Fig. 6C). In the later stages of the 
simulation, this interaction ceases as the loop containing GLU719 
and GLU720 moves away from the linker and folds back toward 
Fn2. GLU719 forms salt bridges with LYS689 and ARG713 in 
the main body of Fn2, and this loop remains locked in place for 
the remainder of the trajectory. At this point, with its former 
binding partners rendered inaccessible, LYS620 rotates 
downward. This position is stabilised by the brief formation of 
salt bridges with ASP649 and ASP650, on the lower surface of  

 
Fig. 7 Electrostatic interactions within Fn1 and Fn2. Competing salt 

bridge formation involving sets of three residues (e.g., GLU586, LYS582 
& LYS584 in Fn1) that remain in close proximity for the duration of the 

trajectory. 

Fn2 toward the interface (see Fig. 6C). 
 In the initial conformation of the tandem, LYS623 is located 
close to ASP650 on the surface of Fn2, and the two residues 
briefly form a salt bridge. Over the course of ~60 ns the Fn2 loop 
in which ASP722 is located approaches the linker, allowing a salt 
bridge to form intermittently with LYS623 over the next ~110 ns. 
This is the primary electrostatic interaction that LYS623 
experiences. At approximately 175 ns, the Fn2 loop moves away 
from the linker, breaking the bond, and LYS623 forms a brief salt 
bridge once more with ASP650 (see Fig. 6D). 
 A stable salt bridge forms between ARG626 and GLU724 for 
the majority of the trajectory (see Fig. 6E) helping to keep Fn2 
locked in a relatively stable position. 
 In addition, the negatively charged residues located on the 
lower linker-facing surface of each domain (ASP565, ASP567 on 
Fn1, ASP650, ASP649, GLU646 on Fn2) further reinforce the 
separation of the two domains. Note that the gap between the 
negatively charged Asp residues on either side of the Fn1-Fn2 
interface is never less than ~5 Å in our simulations (see Fig. S2C 
in the supplementary information), and is significantly higher for 
most of the remaining trajectory. 
 In the model studied here, the conformation of the tandem 
appears thus to be controlled primarily by electrostatic 
interactions, resulting in an extended linker and a clear separation 
of the Fn1 and Fn2 domains, while allowing enough flexibility 
that the linker is not trapped in a conformational state that would 
be too rigid for proper signal transduction. 
 Electrostatic interactions also play a role in stabilising the Fn1 
and Fn2 domains themselves. Here, we see several interesting 
three-residue salt bridge interactions, where two residues of a 
certain charge compete to bind with a nearby residue of the 
opposite charge. The result is that a certain charged residue (e.g. 
GLU586 in Fn1 or ARG700 in Fn2) binds competitively either 
with one or the other of its oppositely charged partners at all 
times, causing it to remain locked in position. This competition is 
illustrated clearly in Fig. 7C, where, for example, the positively  
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Fig. 8 Normalised mode fluctuation and localised movement in the 

Fn-III tandem. Minimum and maximum deformation of the first ten non-
zero modes (modes 6 to 15) as calculated for the representative structure 

of the tandem by normal mode analysis. (A) Modes 6 and 10 mostly 
describe motion in Fn1. (B) Modes 9, 13 and 15 mostly describe motion 
in Fn2. (C) Modes 7, 8, 11, 12 and 14 describe general movement of the 
tandem. Each mode is shown separately in the supplementary material – 

see Figs. S3 and S4. (D) Normalised mode fluctuation (average of the 

first six non-zero modes) and RMSD by residue. Secondary structure is 
shown above the x-axis; β-sheets in cyan, linker in yellow. (E) Fn1-Fn2 

tandem coloured according to average RMSD across the trajectory of the 
MD simulation. Areas shown in blue exhibit little movement; areas 

shown in red are more mobile. 

 
Fig. 9 MD-refined representative structure of the Fn1-Fn2 tandem. 
Surface representation of the Fn1-Fn2 tandem with motifs involved in 
ATP-binding (green) and FGFR1-binding (FRM in red; FGL in blue) 

highlighted. 

charged ARG700 alternates between forming a salt bridge with 
GLU644 and with ASP702.  
Future work could provide additional quantitative free energy 
calculations of the inter-domain interactions, which could be 
based on classical MD or corrected by using more accurate 
quantum mechanics/molecular mechanics (QM/MM) 
calculations.78, 79 Additional analysis of the inter-domain interface 
shows that other non-covalent contacts may also be important. In 
particular, while the Fn1 domain has a clear hydrophobic patch in 
the vicinity of amino acids ILE616, PRO617, LEU619, VAL535, 
and LEU536, the Fn2 domain presents a much smaller 
hydrophobic surface due to amino acids PRO654 and ILE655. 
Future availability of longer trajectories may allow additional 
quantitative analysis (e.g., by using programs such as NCIPlot).80, 
81 

The ENM normal modes of Fn1 and Fn2 

Normal mode analysis was performed on the elastic network 
model of the MD-refined tandem structure. Modes corresponding 
to translations and rotations were excluded, and the fluctuation of 
the ten lowest non-zero modes (modes 6-15) is shown visually in 
Fig. 8A-C. Normal modes in the lowest frequencies tend to 
describe the largest motions in a protein, and hence are the most 
functionally relevant. Modes 6 and 10 mostly describe motion in 
Fn1  (Fig. 8A). Modes 9, 13 and 15 mostly describe motion in 
Fn2 (Fig. 8B). The remaining modes, 7, 8, 11, 12 and 14, 
describe general movement of the tandem and do not seem to be 
linked to any major localised changes (Fig. 8C). Each mode is 
shown separately in the supplementary material (Figs. S3 and 
S4). Unsurprisingly, there is little movement in the β-sheet 
regions and higher movement in the loops and disordered coil 
areas. This implies that the β-sheets are quite rigid, while there is 
more flexibility in the loops and coil. 
 The mode fluctuation for the first six non-zero modes is shown 
in a more quantitative manner in Fig. 8D, where it is compared to 
the actual motion exhibited by each residue throughout the 
simulation trajectory. 
 As expected, the structural regions that show significant 
conformational change throughout the MD simulation are shown 
by the normal mode analysis to have higher flexibility. There is 
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good agreement between the two plots, with β-strands (cyan) 
remaining relatively fixed, and loop and coil regions showing 
more freedom of movement. This is further demonstrated in Fig. 
8E, where each residue of the Fn1-Fn2 tandem is coloured 
according to average RMSD across the trajectory. The correlation 
coefficient for the two quantities is calculated to be 0.43. When 
the residues corresponding to sharp peaks in the normalised mode 
fluctuation between residue 668 and 683 are excluded, the 
correlation coefficient increases to 0.50, indicating a moderate 
correlation between mode fluctuation and RMSD by residue. 
 

Potential binding sites located on the Fn1-Fn2 tandem 

Interestingly, several binding motifs observed in NCAM are 
highly conserved in apCAM (see Fig. 2). One example is the 
DDGG binding motif associated with ATP hydrolysis in NCAM 
(highlighted in green in Fig. 9). The locations of two motifs 
(FRM, red, and FGL, blue) involved in FGFR1 binding are also 
shown in Fig. 9. This observation points towards a possibly 
common functional relevance of these motifs. 
 

Conclusions 
We study the structural features and conformational dynamics of 
the fibronectin type III domains, Fn1 and Fn2, of the extracellular 
segment of the apCAM protein. Based on homology modelling 
primarily using the human NCAM crystal structures (PDB ID 
2VKW), we build initial structural candidate models for 
individual domains, Fn1, Fn2, and their covalently-connected 
tandem, Fn1-Fn2. Similarly to the corresponding Fn tandem in 
the human NCAM protein, the proposed initial apCAM Fn 
tandem structures are predominantly composed of β-strand rich 
domains connected by a linker segment. We update the initial 
domain assignment of Mayford et al.15 based on the structure of 
our new homology model, and we define a 7-residue linker 
region between the two domains. 
  Our equilibrated model of the Fn1-Fn2 tandem reveals an 
interesting distribution of positively-charged amino acids along 
the inter-domain linker, and the corresponding negatively-
charged residues found in the Fn2 structure, which contribute 
strongly to the stability of the entire Fn1-Fn2 apCAM segment. 
Using information from our large-scale all-atom MD simulations 
with explicit water molecules, we find a molecular mechanism in 
which specific strong electrostatic interactions between charged 
residues stabilise the Fn1-Fn2 tandem, both at the interface 
between the two domains and within the Fn1 and Fn2 domains 
themselves. In particular, residues LYS620, LYS623 and 
ARG626 on the linker appear to play a crucial dual role, as 
revealed by our MD simulations: (i) they facilitate an extended 
conformation of the linker region and, at the same time, (ii) they 
play a stabilising role for the Fn2 domain via salt bridges with 
residues GLU719, GLU720, ASP722 and GLU724. These 
findings may be probed directly by introducing mutations of 
these positively-charged linker residues and running further all-
atom MD simulations to investigate the stability of the structure 
when the charges of these key residues are altered and the major 
electrostatic interactions between the linker and the neighbouring 
regions are interrupted.  

 Using long atomistic MD equilibration simulations, we obtain 
stable structures for both the individual Fn1 and Fn2 domains 
(see SI Movie S1 and S2 for visualising the equilibrium structural 
fluctuations of Fn1 and Fn2, respectively) and, importantly, for 
the model of the connected Fn1-Fn2 tandem. Our study of the 
normal modes corresponding to the representative tandem 
structure, together with per-residue RMSD values calculated 
using the entire 250 ns tandem trajectory, shows high stability for 
the β-sheet segment and significant mobility in the connected 
loops which may have functional roles in the protein-protein 
recognition and interaction processes involving apCAM.  
 Interestingly, our model exhibits ATP and FGFR1 (FRM and 
FGL) binding sites similar to those found in the NCAM Fn-III 
tandem (Figs. 2 and 9).32, 35, 40, 82 This observation raises the 
possibility of signalling-related modulation of apCAM 
functionality, suggesting a convergent evolution of homologous 
CAMs such as apCAM and NCAM that preserved structural 
features important for binding and signalling. 
 Our study opens the possibility of constructing larger 
atomistically-detailed models for the entire 7-domain 
extracellular part of apCAM15, and possibly of other cell adhesion 
molecules. More importantly, our Fn1-Fn2 apCAM structural 
model provides the first piece in the puzzle leading to a detailed 
atomistic model for the highly specific apCAM-apCAM 
interactions, and could advance the understanding of the complex 
molecular mechanisms involved in cell adhesion processes.18, 19, 

32, 35, 40  

Supplementary Information 
The supplementary information includes four figures (Fig. S1: 
Comparison of Fn-III domain structures for the initial homology-
based apCAM model and for the NCAM crystal structure 
template, Fig. S2: Structural stability of the entire Fn1-Fn2 
tandem along the 250 ns atomistic MD simulation, Figs. S3 and 
S4: Deformation for the lowest ten non-zero modes), and two 
movies showing the equilibrium structural fluctuations of the Fn1 
and Fn2 domains in apCAM’s Fn1-Fn2 tandem. 
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